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Objective: Right ventricular pressure overload occurs in several types of
(congenital) heart disease, as well as in pulmonary disease. Clinical
outcome in some of these patient groups might in part be related to left
ventricular loading conditions. The effects of left ventricular unloading
on the function of the hypertrophic right ventricle have not been studied.
We aimed to study the effects of left ventricular unloading on right
ventricular hemodynamics and contractility in an animal model of
chronic right ventricular pressure overload.
Methods: In lambs the pulmonary artery was chronically banded to
increase right ventricular pressure to systemic levels. After 8 weeks, right
ventricular contractility and hemodynamic function were assessed in
these lambs, as well as in age-matched control animals, by using a combined
pressure-conductance catheter in the right ventricle during baseline conditions and
during complete bypass of the left ventricle.
Results: In both groups acute left ventricular unloading significantly decreased left
ventricular pressure to low levels while aortic pressure was maintained. In the right
ventricle of the control group, both end-systolic and end-diastolic volumes increased
with left ventricular unloading (P  .01) while end-systolic pressure was main-
tained. Cardiac output was unchanged despite decreased right ventricular contrac-
tility. In the banding group acute left ventricular unloading also decreased right
ventricular contractility but increased cardiac output. During acute left ventricular
unloading, diastolic stiffness was unchanged in the control group, whereas it was
significantly decreased in the banding group.
Conclusions: Both in normal hearts and in hearts subject to chronic right ventricular
pressure overload, acute left ventricular unloading decreases right ventricular con-
tractility. Although no effects on cardiac output are encountered in normal hearts
during left ventricular bypass, cardiac output is improved in right ventricular
pressure–overloaded hearts, most likely related to improved right ventricular dia-
stolic compliance.
Right ventricular (RV) pressure overload is common in several typesof congenital and acquired heart disease.1 It may cause RV dys-function or may result in residual abnormalities of RV functionafter relief of the abnormal load.1,2 RV pressure overload occurs inotherwise normal hearts (eg, in pulmonary hypertension or isolatedpulmonary stenosis), in hearts in which the right ventricle supports
the systemic circulation and the left ventricle supports the (low-pressure) pulmonary
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circulation (eg, transposition of the great arteries), or in
hearts in which the right ventricle is the only functional
ventricle (eg, hypoplastic left-heart syndrome). Clinical out-
come in these patient groups might be related to the differ-
ent left ventricular (LV) loading conditions. Although sev-
eral studies have been performed to investigate (systolic)
ventricular interaction in the normal heart3 and a depen-
dency of normal RV function on LV function has been
documented,4-6 little is known about the effects of LV
unloading on the function of the hypertrophic right ventri-
cle. In addition to systolic ventricular interaction, the im-
portance of diastolic ventricular interaction has also been
recognized.7
In this study we used a combined pressure-conductance
catheter to record pressure-volume (PV) loops in the right
ventricle, which enabled us to study systolic and diastolic
ventricular function at the same time.
The aim of our study was to investigate the effects of
acute reductions in LV pressure established by means of
total left-heart bypass (LHB) on the function of the hyper-
trophic right ventricle in lambs.
Methods
Ten lambs were enrolled in the study and treated according to the
“Guide for the Care and Use of Laboratory Animals” published by
the US National Institutes of Health (National Institutes of Health
publication no. 85-23, revised 1996). The protocol was approved
by the animal research committee of the Leiden University Med-
ical Center. The first group consisted of 5 lambs that were 2 to 3
weeks old (mean body mass, 6.4  1.7 kg) at the time of pulmo-
nary artery banding (PAB). The animals were studied during a
second operation (mean body mass at time of hemodynamic stud-
ies, 16.6  3.7 kg) after a period of pulmonary artery (PA)
constriction of at least 8 weeks (mean, 64  8 days). A second
group consisted of 5 control lambs (mean body mass, 20.4  3.0
kg) age matched with the PAB group.
PAB Operation
The procedure described below was developed in our laboratory
and has been described previously.8 In brief, anesthesia was in-
duced with propofol (4-6 mg/kg) and maintained with a mixture of
0.5% to 1.5% isoflurane and oxygen and continuous intravenous
infusion of propofol (6-18 mg/kg/h). The lambs were artificially
ventilated with a volume-controlled respirator (Servo 900B; Sie-
mens-Elema, AB, Solna, Sweden). Analgesia was provided with a
combination of ramifenazone and fenylbutazone (Tomanol; 0.03
mL/kg administered intravenously).
The chest was opened, and the heart was exposed in a pericar-
dial cradle. A bidirectionally adjustable hydraulic occluder (non-
inflated lumen diameter of 12 mm) attached to a subcutaneous
reservoir was placed loosely around the PA (UNO, Zevenaar, The
Netherlands). In addition, 2 pressure lines (2.1 mm OD  1.0 mm
ID) attached to subcutaneous reservoirs (0.25 mL, UNO) were
inserted into the carotid artery and into the right ventricle through
a minor stab wound in the free wall. The pericardium was approx-
imated for two thirds to support the heart during the period of RV
pressure overload, and the thorax was closed in layers. Complete
pericardial closure could not be achieved because it would have
interfered with the position of the PA occluder and would have
produced an unphysiologically high degree of constriction.9 After
1 week of recovery from the operation, the cuff was inflated by
means of stepwise injection of hypertonic saline into the reservoir
over a period of 2 weeks until the right ventricle faced a pressure
equal to the systemic (aortic) pressure. During the next 8-week
period, RV peak systolic pressure was kept at the level of peak
aortic systolic pressure through biweekly monitoring of RV and
aortic pressures by using the subcutaneous reservoirs, followed by
PA cuff adjustments, if necessary.
Data Acquisition and Experimental Protocol
After at least 8 weeks of chronic RV pressure overload, anesthesia
was initiated with sodium thiopental (10 mg/kg administered in-
travenously) in 5 PAB lambs and 5 age-matched control animals.
Ventilation and monitoring of the animals during the experiment
were identical to that during the PAB procedure. Before chest
opening, pancuronium bromide (0.1 mg/kg; a muscle relaxant) was
administered.
A midsternal (re)thoracotomy was performed. The pericardium
was widely opened, all pericardial adhesions resulting from the
initial operation were completely removed from around the heart,
and the heart was (re)exposed in a pericardial cradle. A 5F pig-
tailed combined pressure-conductance catheter (Millar Instru-
ments, Houston, Tex) was positioned in the right ventricle through
a minor stab wound just below the pulmonary valve and positioned
toward the apex for continuous and simultaneous measurement of
pressure and volume.10 Another pressure catheter was inserted into
the left ventricle (Millar Instruments). For calibration of the con-
ductance catheter, a 7F Swan-Ganz catheter was placed in the
PA.11 PV relationships were obtained by means of preload reduc-
tion with a string around the inferior vena cava.
LV pressure unloading was performed by means of total LHB
with a centrifugal pump (Sarns Delphin system; 3M, Ann Arbor,
Mich). A 16F arterial return cannula was inserted into the ascend-
ing aorta, and a venous withdrawal cannula (32F) was inserted into
the LV apex. The withdrawal cannula emptied into a custom-made
temperature-controlled glass reservoir that was connected to the
centrifugal pump head. Figure 1 shows a schematic drawing of the
experimental preparation used for LV unloading.
The conductance catheter in the right ventricle was connected
to a Leycom Sigma-5 DF signal processor (CD Leycom, Zoeter-
meer, The Netherlands) and calibrated as previously described11:
RV parallel conductance was determined by using hypertonic
saline injections,12 and the slope factor  was determined by
means of thermodilution.
After instrumentation, a 10-minute stabilization period was
allowed before baseline measurements were obtained. Data acqui-
sition was performed as described elsewhere.11 After completion
of baseline measurements, LV unloading was initiated by means of
total LHB. Pump speed (and thus reservoir level) was adjusted to
achieve an LV end-systolic pressure (PES) of less than 30 mm Hg
and a mean aortic pressure of greater than 60 mm Hg. The mean
aortic pressure signal was flat, indicating a closed aortic valve
throughout systole (Figure 2). Once steady-state conditions had
Surgery for Congenital Heart Disease Leeuwenburgh et al
482 The Journal of Thoracic and Cardiovascular Surgery ● March 2003
CH
D
been achieved, pump speed was not changed. After proper cali-
bration, data were recorded during transient vena caval occlusion
to assess RV contractility.11,13-15 At the end of the experiment, the
animals were killed by means of injection of 20 mL of KCl after
achievement of adequate anesthesia.
Data Analysis
For both conditions, steady-state data were recorded for at least 10
seconds to determine the hemodynamic parameters listed in Table
1. Stroke work was calculated as the PV loop area for each beat.
Data recorded during the vena caval occlusions were used to
construct the following PV relationships: the end-systolic PV
relationship (ESPVR),16 the dP/dtmax versus end-diastolic volume
(dP/dtmax-VED) relationship,17 and preload recruitable stroke work
(stroke work vs VED relationship or PRSW).18 The volume inter-
cept of the ESPVR and the slopes of the above 3 relationships were
used as relatively load-independent indices of RV contractili-
ty,11,13,14,19,20 as previously described for the left ventricle.16-18,21
Because PAB increased RV pressure considerably, the pressure
level of the volume intercept of the ESPVR was chosen at 15 mm
Hg (V15) in the control group and at 55 mm Hg (V55) in the
banding group. Therefore, direct comparison of the volume inter-
cepts between the 2 groups (ie, V15 and V55) is not meaningful.
The volume intercepts, however, were used for the evaluation of
LV unloading within each group, as previously described.8 The
diastolic stiffness constant (b) was derived from the end-diastolic
PV relationship (EDPVR), which was obtained by fitting end-
diastolic pressure (PED) and volume data points to a monoexpo-
nential equation, as described elsewhere.22
Figure 1. Schematic representation of the instrumentation for total LHB. Blood is removed from the LV apex and
collected in a temperature-controlled glass reservoir. Through a centrifugal pump, blood is propelled from the
reservoir back to the ascending aorta. Before LV bypass, the reservoir was filled with donor blood from another
sheep to a fixed reference level. Pump speed was adjusted to maintain this reference level in the reservoir. Note
that because of the interpositioning of the open reservoir, blood was removed passively from the left ventricle both
because of a height difference between the mid–left ventricle and the reservoir and by the pumping action of the
left ventricle itself (no active LV suction by the bypass pump). AO, Aorta; PA, pulmonary artery; LA, left atrium; RA,
right atrium; LV, left ventricle; RV, right ventricle.
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The effects of LV unloading on hemodynamic parameters were
analyzed for each group separately by using a multiple linear
regression implementation of repeated-measures analysis of vari-
ance.23 Between-group differences and the effect of LV unloading
were tested by using the unpaired Student t test. Data are presented
as means  SD.
Results
Table 1 shows the average RV hemodynamic data for both
groups during baseline conditions and during acute LV
unloading. Indices of RV contractility derived from PV loop
analysis are summarized in Table 2. Figure 3 shows typical
examples of PV loops in the right ventricles of both groups.
In Figure 4 average schematic RV PV loops are shown,
summarizing the effects of the acute decrease in LV pres-
sure on RV function.
Effects of LV Pressure Unloading in Normal Hearts
In the control group total LHB decreased average LV PES
from 77  32 to 29  38 mm Hg (P  .01), whereas mean
Figure 2. Typical example of pressure tracings during LV bypass in the control (upper panel) and banding (lower
panel) groups. The lower black line represents the RV pressure signal (RV), the gray line represents the LV pressure
signal (LV), and the black line at the top represents aortic pressure (Ao). Note that the aortic pressure signal is flat,
indicating a closed aortic valve during LV bypass. Although the diastolic pressure interval during LHB in the
banding group suggests a positive pressure peak, calculated average LV pressures in these diastolic intervals in
both groups indicate that this is an inconsistent finding (control group, 1.7  1.1 mm Hg; banding group, 2.2 
4.7 mm Hg).
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aortic pressure averaged 63  20 mm Hg. Cardiac output
and RV stroke work did not differ from baseline levels
(Table 1). However, both end-systolic volume (VES) and
VED of the RV increased, resulting in a small but significant
rightward displacement of the entire RV PV loop (Figure 4).
RV PES did not change (15 2 to 13 3 mm Hg, P .09).
The slope of the RV ESPVR was unchanged, but its volume
intercept (V15) increased from 15.4  5.6 to 16.2  5.0 mL
(P  .01), indicating decreased RV contractility. Two other
indices of contractility, the slopes of the PRSW- and dP/
dtMax-VED relationships, were also decreased, although the
latter was only marginally significant (P  .07, Table 2).
These findings indicate reduced RV contractility during
LHB in the control group, whereas cardiac output is main-
tained at the expense of increased VED. RV diastolic com-
pliance did not change during acute reductions in LV pres-
sure, as indicated by the RV diastolic stiffness constant b
(0.16  0.10 to 0.21  0.07 mL1, P  not significant).
Effects of LV Pressure Unloading in RV Pressure–
overloaded Hearts
Chronic RV pressure overload resulted in a significantly
increased RV/LV wall-thickness ratio from 0.43  0.04 to
0.94  0.15 (P  .01), indicating substantial RV hypertro-
phy. In the banding group, LHB decreased LV PES from
68 16 to 28 21 mm Hg (P .01), whereas mean aortic
pressure averaged 71  34 mm Hg, which is not signifi-
cantly different from the mean aortic pressure in the control
group. RV PES did not change significantly (52  16 to
55  23 mm Hg, P  .21). Cardiac output increased
significantly, which was due to an increase in stroke vol-
ume. Thus whereas in the control group LV unloading did
not affect cardiac output, in the banding group cardiac
output was improved by LV unloading. Again, LHB in-
creased both VES and VED in the right ventricle (both P 
.01, Table 1), resulting in a significant rightward shift of the
entire PV loop (Figure 4). RV systolic function was im-
proved, as indicated by increased stroke work (from 557 
284 to 631  347 mm Hg  mL, P  .01). The increase in
stroke volume and stroke work are both related to the
enhanced preload reflected by VED. In contrast, RV con-
tractility was significantly decreased, as indicated by both a
decreased slope (from 5.2  2.8 to 3.0  1.9 mm Hg/mL,
P  .01) and an increased volume intercept (V55) of the
ESPVR (from 20.0  8.9 to 27.5  23.5 mL, P  .05;
TABLE 1. RV hemodynamic parameters
Control group Banding group PAB effect,
P value
Bypass effect,
P valueBaseline LV bypass P value Baseline LV bypass P value
HR (beats/min) 130 18 122 24 .22 128 22 137 33 .14 .60 .19
CO (mL/min) 2369 473 2383 989 .55 1612 432 2130 1226 .03 .02 .34
SV (mL) 18.2 2.2 19.1 4.6 .21 12.5 1.5 14.8 5.5 .02 .01 .54
VES (mL) 13.6 1.2 16.4 4.5 .03 19.3 9.2 26.5 23.3 .01 .08 .80
VED (mL) 30.6 2.7 33.8 7.9 .05 29.2 8.1 35.9 20.6 .01 .98 .78
EF (%) 59 3 57 9 .50 43 10 44 10 .57 .01 .16
PES (mm Hg) 15 2 13 3 .09 52 16 55 23 .21 .01 .09
PED (mm Hg) 2 2 3 1 .12 7 3 7 4 .47 .01 .82
SW (mm Hg  mL) 396 227 383 249 .78 557 284 631 347 .01 .14 .05
dP/dtMax (mm Hg/s) 745 508 594 372 .03 795 246 976 468 .07 .40 .03
b (mL1) 0.16 0.10 0.21 0.07 .13 0.30 0.09 0.20 0.07 .05 .04 .04
P values indicate statistical significance for the difference between baseline conditions and LV bypass in each group. PAB effect indicates P values for
the difference in baseline conditions between the control and banding groups, and bypass effect indicates P values for differences of LHB between groups.
HR, Heart rate; CO, cardiac output; SV, stroke volume; EF, ejection fraction; dP/dtMax, maximum of the first derivative of pressure versus time; b, diastolic
stiffness constant; VES, end-systolic volume; VED, end-diastolic volume; PES, end-systolic pressure; PED, end-diastolic pressure; SW, stroke work.
TABLE 2. Indices of RV contractility
Control Banding
Baseline Low afterload P value Baseline Low afterload P value
EES (mm Hg/mL) 1.2 0.5 1.0 0.4 .64 5.2 2.8 3.0 1.9 .01
V15 (mL) 15.4 5.6 16.2 5.0 .01 - - -
V55 (mL) - - - 20.0 8.9 27.5 23.5 .04
S-dP/dt (mm Hg  s1  mL1) 16.2 14.0 7.2 6.8 .07 29.5 15.2 24.0 6.2 .55
S-PRSW (mm Hg) 16.3 8.3 14.4 5.3 .01 39.0 21.8 27.1 11.5 .14
P values indicate statistical significance for the difference between baseline conditions and LV bypass in each group.
EES, End-systolic elastance; V15/55, intercept of the ESPVR with the volume axis at an end-systolic pressure of 15 (control group) or 55 mm Hg (banding
group); S-dP/dt, slope of the dP/dtMax-VED relationship; S-PRSW, slope of the preload recruitable stroke work relationship.
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Table 2 and Figure 4). The 2 other indices of contractility
showed a tendency to decrease but failed to reach statistical
significance (Table 2). RV diastolic stiffness in the baseline
condition was increased compared with the baseline condi-
tion in the control group, as evidenced by the increased
value of b (from 0.16  0.10 to 0.30  0.09 mL1, P 
.05). During acute reductions in LV pressure, however, RV
diastolic stiffness in the banding group was significantly
decreased to the near-baseline levels found in the control
group (0.30 0.09 to 0.20 0.07 mL1, P .05; Table 1).
Significant changes between both groups in terms of a
different effect of LV bypass were found for stroke work,
dP/dtMax, and the chamber stiffness constant b. LHB did not
have a significantly different effect on the other parameters
listed in Table 1.
Discussion
The results of this study demonstrate that in the normal
heart cardiac output is not affected by acute reductions in
LV pressure. After chronic RV pressure overload, resulting
in substantial RV hypertrophy, baseline cardiac output is
significantly decreased (Table 1). However, during acute
reductions in LV pressure in this group, cardiac output is
improved, resulting from a significant increase in stroke
volume. The observed marginal but nonsignificant increase
in heart rate might reflect some autonomic reflex activity
Figure 3. Typical recordings of RV PV loops during a vena caval occlusion in the control (top panel) and banding
(lower panel) groups. Black loops indicate the baseline condition, whereas gray loops were recorded during acute
decreases in LV pressure. ESPVRs are represented by straight black lines.
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because aortic pressure is changed from a pulsatile to a flat
flow pattern during LV bypass (Figure 3). In both groups,
RV contractility was found to be decreased as indicated by
a rightward shift of the entire PV loop and with a concom-
itant increase of the volume intercept of the ESPVR, by a
decrease of the slope of the ESPVR (EES), or both.
Several studies evaluated the effect of LV pressure un-
loading on RV function in the normal heart, but the results
of these experiments are controversial. In response to LV
bypass, global RV function has been found to be im-
proved,15,24 decreased,25,26 or unchanged.3,6,27 The effects of
LV bypass on the function of the hypertrophied right ven-
tricle, however, have not been studied.
An unexpected finding of our study is the significant
increase in cardiac output during LV unloading in the band-
ing group. The chronic RV pressure overload itself has led
to a significant decrease in cardiac output compared with
that seen in the control group (2369  473 vs 1612  432
mL/min, respectively; P  .01), as previously described.8
This substantial chronic decrease in cardiac output in the
banding group was reversed during LV bypass because
cardiac output proved to be acutely increased and returned
to near-baseline levels, as found in the control group (Table
1). Although these findings suggest that in the acute situa-
tion LV bypass will improve cardiac output in the banding
group, it might have detrimental effects on RV function in
the long run because RV volume is increased, which is an
early hallmark of remodeling.
Close inspection of the diastolic portion of the average
PV loops might provide an explanation for the improved
cardiac output in the banding group (Figure 4, right panel).
The considerable rightward shift of the PV loop after LV
unloading and the numbers in Table 1 indicate that PED
remains unchanged despite the substantial increase in VED,
which suggests an improvement in RV diastolic compli-
ance. This is further substantiated by the significantly dif-
ferent effect of LV bypass on the diastolic stiffness constant
between the groups (bypass effect, Table 1). Analysis of the
EDPVR in both groups indicated that although the resting
value of the diastolic stiffness constant b in the hypertrophic
right ventricle is significantly higher compared with that
found in the normal right ventricle (0.16  0.10 to 0.30 
0.09 mL1, P  .05), acute LV unloading decreases the
diastolic stiffness constant in the hypertrophic right ventri-
cle by approximately 33% (from 0.30 0.09 to 0.20 0.07
mL1, P  .05). In the absence of such a beneficial change,
PED would have increased along with VED on the exponen-
tial EDPVR. Again, this is shown in Figure 4. The average
PV loop in the control group (Figure 4, left panel) shifts to
the right along the same EDPVR during acute LV unload-
ing, whereas the average PV loop in the banding group
(Figure 4, right panel) shifts to the right along a different
EDPVR, which is displaced to the right and downward
compared with that in the EDPVR in baseline conditions.
This enhanced compliance most likely represents the mech-
anism by which RV filling is facilitated, thus increasing
Figure 4. Schematic average RV PV loops and corresponding average ESPVRs (solid black lines) and EDPVRs (solid
gray lines) showing the effects of LV bypass in the control group (left panel) and in the banding group (right panel).
Solid loops represent the baseline condition, whereas dotted loops represent the LV bypass condition. The thin
horizontal lines indicate the intercept with the ESPVR at an end-systolic pressure of 15 and 55 mm Hg, respectively.
Note that in the control group the average PV loop shifts rightward along the same EDPVR during LV unloading,
whereas in the banding group the average PV loop shifts to the right along a different EDPVR.
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cardiac output during LV bypass. Similar observations have
been reported by Fukamachi and coworkers,24 who found,
in open-chest dogs, that LV bypass in the normal heart had
a beneficial influence on RV performance through an in-
crease in chamber compliance and a decrease in pulmonary
arterial input resistance. Although in our study RV PES did
not change, it is obvious that this fact, together with the
increased cardiac output, also implies reduced pulmonary
vascular resistance (reflected roughly by PES/cardiac out-
put).
In normal hearts, LV contraction is known to contribute
for 20% to 40% to RV pressure development and output
during a normal cardiac cycle.28 During LV unloading, this
LV-to-RV contribution is lacking.4 We speculate that the
observed reduction in RV contractility on LV unloading in
the control group is a direct result of the lacking LV pres-
sure development, which might decrease septal stiffness.
Despite the reduction in RV contractility, RV end-systolic
pressure and stroke volume were maintained, which is most
likely related to a septal shift. Septal shifting (besides the
pericardium) represents one of the 2 mechanisms by which
both ventricles are able to interact. In addition to this direct
mechanical interaction, series interaction through the sys-
temic and pulmonary circulations is a second mechanism
that influences ventricular interaction. Previous studies in
which either ultrasonic crystals or echocardiography were
used, showed that a reduction of the septal pressure gradient
during LV bypass is accompanied by a leftward septal
shift.3,29-31 From these studies, it can be inferred that the
pressure gradient across the interventricular septum is an
important determinant of its position. In the control group of
the current study, both VES and VED were increased approx-
imately equally during LV bypass, whereas, consequently,
stroke volume was unchanged (Table 1). Together with the
finding of a 74% decrease in the transseptal pressure gradi-
ent (from 62  33 to 16  40 mm Hg, P  .01), we
conclude that the RV volume increase during LV bypass is
most likely the result of a leftward septal shift, indicating
(slight) RV geometric remodeling. In contrast, if no septal
shift would have occurred and the rightward displacement
of the RV end-diastolic volume point in Figure 4 was
merely the result of an increase in preload (venous return),
we would have expected an increase in ejection fraction
after length-dependent activation (Frank-Starling mecha-
nism). However, this is clearly not the case (Table 1). In the
banding group, RV contractility was also found to be de-
creased during LV bypass, whereas cardiac output was
increased. Similar to the effects in the control group, the
pressure gradient was significantly reduced by LV bypass
(from 15  22 to 27  23 mm Hg, P  .05). However,
compared with values in the control group, the pressure
gradient in the baseline condition was already low in the
chronically pressure-overloaded heart. LV bypass not only
lowered the pressure gradient further but even reversed it to
the RV-to-LV direction in the banding group. Without
doubt, this is accompanied, to a certain degree, by geometric
remodeling. In a recent study it was found that by constrict-
ing the PA, circumferential compressive stresses develop in
the septum that might impede septal blood flow and thus
might induce septal ischemia.32 Although we cannot ex-
clude the occurrence of septal ischemia after abnormal
septal curvatures (remodeling), aortic pressure was main-
tained at greater than the critical level for coronary auto-
regulation at all times during LV bypass. Global ventricular
ischemia as an explanation for the decreased RV contrac-
tility in our study is therefore not likely.
As for the series interaction, the bypass system that is
normally used in the operating room might influence cardiac
output because it is a closed fluid-filled system driven by a
pump. Depending on the circulatory status of the patient,
this might improve or worsen the cardiovascular condition.
In contrast, in this study we used a custom-made bypass
system consisting of a reservoir with an open-air connection
(Figure 1). The advantage of this setup is that it enabled the
left ventricle to eject passively into the reservoir without
being influenced by the pump itself (ie, the suction effects of
the pump did not affect the left ventricle). Because pump
speed was adjusted to maintain a constant blood level in the
reservoir before measurements were started, and normal
interaction between the left ventricle and right ventricle,
which influences stroke volume in the normal heart, is
disabled by the bypass system, this allowed the right ven-
tricle to regulate and modify cardiac output on its own
accordingly.
In the clinical setting, chronic RV hypertrophy might be
associated with a wide range of LV pressures (from de-
creased to increased) or even with absence of the left
ventricle. LV function and volume might also vary widely.
It has been suggested that with chronic RV hypertrophy, the
presence of a left ventricle with normal pressures contrib-
utes to the preservation of RV function.33,34 In addition,
Sano and colleages35 studied patients with congenitally cor-
rected transposition of the great arteries and found deterio-
ration of RV function after relief of a PA stenosis, which
resulted in decreased LV pressure. This is not directly
supported by our results. Although significant differences
between the chronic situations in patients and our experi-
ment are evident, our results seem to suggest that diastolic
interplay between the hypertrophic right ventricle and the
left ventricle is an important aspect of the performance of
the hypertrophic right ventricle. This should be taken into
account when interventions are planned that will alter
biventricular compliance.
Study Limitations
After careful consideration, we decided not to perform a
sham operation in the control group. It has been shown
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previously in lambs that cardiovascular function had recov-
ered completely after thoracotomy with pericardiotomy as
soon as 3 days postoperatively compared with that seen in
healthy control animals.36 In addition, it is highly unlikely
that the insertion of a small pressure line in the right
ventricle affects cardiovascular function after a period of 8
weeks. During the second operation, all pericardial adhe-
sions were completely removed around the heart, which was
re-exposed in a pericardial cradle. It does not appear to be
justified to subject healthy animals to a thoracotomy when
the effects of the operation on cardiac function are not
expected until after 8 weeks.
Conclusions
Both in normal hearts and in hearts subjected to chronic RV
pressure overload at the systemic level, complete bypass of
the left ventricle results in decreased RV contractility,
which might be explained by changes in septal geometry
(remodeling) and function. Although RV volume is in-
creased in normal hearts during LV unloading, RV stroke
volume remains unaffected. In contrast, in the chronically
pressure-overloaded right ventricle, cardiac output is im-
proved during acute LV unloading, and RV volume is
increased. This might be explained by an increase in dia-
stolic RV compliance.
We thank the biotechnicians of the Large Animal Laboratory of
the Leiden University Medical Center for animal care and support
during the operations.
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